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ATTITUDF STABTLIZATION OF SATELLITES BY MEANS CF
THE FREE REACTION SPHERE

H.Schropl
%2979
Discussion of problems arising in the application of the
free reaction srhere as a control element in thetattitude
stabilization of a satellite. Specifically examined are:
the selection of the type of bearing for the schere, the
determ;nation of the rotor dimensions, *hne selecticn of a
rropulsion system capable of zprlying torques te a rotor
about any axis, and ‘he ﬁeasurement of rpm. An experi-

mental device proposed for use in a satellite is described

and illustrated. _ (i:kAﬁ:tJr\
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~ 1. Introduction *ﬂ

The problems, qccurring in connection with the attitude control and stabi-.
—-lization of satellites, are mainly governed by the environmental conditicns

: .prevailing in near-earth cosmic space. These premises, which differ eno‘:'mously;
zfrom those prevailing on the surface of the earth or in atmospheri: space, in-

" icluding weightlessness, absence of any friction damping, intense high-energy

1

i
" lpadiation, and absolute vacuum, are the determining design parameters. These 1

i .

; !
ia.re supplemented by the conditions of blastoff under usually very high accelera- .

[ i {

“ltions and the required life of the satellite which is of the order of magnitude;
i .
of years, at complete freedom from servicing or maintenance. On the other hand
|

‘these extreme conditions also justify attempts to use unorthodox means and

{
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.sophisticated technologies, whose application would not be considered under
~]ess strict conditions. It may be of advantage in this .Lonnection to make use
of physical principles which, under terrestrial conditions, ars inapprlicable or
difficult to use.
| In this report, the concepv #attitude stadbilization" is %o include the
following problem scopes: Primarily, the term is to mean retention of a defi- '
nite space-fixed orientation of the axes of a space vehicle and compensation of
;any perturbation~induced deviations from this ideal attitude. Consequently,
the control factors of the corresponding control circuits are constants. A
generalization is obtained by having the control factors, in part or in totali-
ty, follow a program as it occurs in aligning one axis with a fixed point in
finity or in singular pendulum motions.

flere, we will refrain from discussing the orbital control, the instrument
-errors, or the overall control circuit of the stabilization. Theser topics had -
been corered in detail elsewhere. We are interested primarily in an investiga-
-“ion of the vanes and control elements required for stabilization and, among
these, in the special case of the so-called reaction flyball ("free reaction

‘spheref), with its application possibilities and problems.

2.1 Review of Varicus Control Elemerts /2

As sources for the control elements, required for attitude stabilization,

":several possibilities are in question, which can be principally subdivided intof

[

two groupa: . ;
a) utilizacion of built-up torsion discharge into the external medium;i
b) storage of torque at the interior.

% A similar subdivision can be made for the perturbation factors, namely,

e .
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.should be added to this control factor itself or to the perturbaticn factore.

_.for compensation is the dissipation ¢ angular momentum t .ward the outside.

a) perturbation moments due to.inberaction with the environment; \ f
b) pesturbation moments originating at the interior.

Here it is only a question of wviewpoint to decide whether the roments oc- i

:curring at variable control factors of the rotation of the coordirate system é

|
H

:Another characteristic differentiation of the perturbation factors, listed in-

:in analogy with the terminology of celestial mechanics, secular and periodic

:perturbations can be differentiated, whichk make widely differing requirements

s
|
zdividually ir, the Table, is their curve as a function of time. In this respect;

on the contro; e.ements with respect to optimum selection of the system 1tself.%

Secular moments urdergo cumulative integration in time, and the conly posslb111t$

|
|
Conversely, the time integral of periudic moments vanishes, and the method of |
§using internal torque storage may lead to considerable savings in weight and !
1

‘bulk of the required eguipment , if long operating periods are involved. Simi-

+

-larly, in the case of statistically distributed perturbation moments, time

‘- averaging may yield the sume advantages, although certain limits are set by thei

- ¢
-

' |
degree of variance. i

The feasibie possibilities for the generation of erecting moments are ;

‘assembled in Table 2. This compilation was made in view of its use in a system|

)

w1th active or passive stabilization. The recent 1ncrease in attempts to cbtaln

iinherent stability of smce vehicles by a skilled utilization of certai- . -

!

|

i

|
would then require at most an artificial daaping, are disrecarded here. So [ﬁ
|
|

control elements, in view of the high requlrements made on the accuracy and the|
i

i
!
ffurbatlon moments for the compensation af other moments, where sucu stat " oy
l
|
;far as can be judged today, it will be impousible to get along without active
|
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TABLE 1: SOURCES OF PERTURBATION MOMENTS
a) Farth's magnetic field, with pe.turbations by solar activity, in
interaction with internal magnetic dipoles
b) Gravitation fields of the earth and other celestial bodies
¢) Radiation pressure
d) Meteorite impacts

Aerodynamic resistance of the residual atmosphere, asymmetric

AT ags ¢ oy, ER S
<D
~

f) Moving internal parts

A ) g) Eccentricity of the thrust vector of an crhital propulsion system

J_ N . 2
ﬁ a h) Rotation of the coordinate system (can be added to the control factor): i
: ,

§ - i) Electrostatic field :
4 - - i
! SR k) Electromagnetic proper radiation. ‘
¢ .~

}

3

20 TABIE 2: ACTIVE CONTROL ELEMENTS

R a) Cold-gas jets, using nitrogen or argon
b) Hot-gas jets

Vapor-pressure jets ' .

(2]
A

% K d) Plasma discharge

| e) Ion engines .
v f) Inherent twist or torque ; ﬁ%
g) Reaction gyros ;
h) Flywheel

i i) Fluid [lywheel

k) Flyball (reaction sphere).

i ‘
3

Y o In all nozzle aggregates, a differentiation is required between propor-
" R tional and pulsed thrust control. -
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2 —-conservation of moment of momentum can be utilized, which is not pessible in

frequency response of a givenAstabilization system.

. 2.2 Application Fields and Selection [L

The applicability and efficiency of the various control elements depends
'primnrily on the nature of the perturbation moments which must be compensated 3
énd modulated. Secular perturbation moments require in any case the production%
Qf torsion by expulsion of mass or by field coupling. Conversely, tocrque- }
étorage mechods represent an optimum for the modulation of purely periodic
ﬁoments. Rctating masses such as flywheels or flyballs act as a type of sink !

for angular momentum, with a saturation value given by the mechanical critical

values (angular velocity and rotational mass). In this manner, the law of the

ﬁhe expulaion of mﬁss. Naturally, the question as to which type of stabiliza-

“‘%ion to use “s greatiy dependent on the mission of the given satellite. For

example, in short-lived satellites, less emphasis is placed on the integration f

éffect and weight savings will be obtained by using gas~jet stabiiization. Conr

“versely, all satellites with a long. life can be optimally designed by extensive,

utilization of the integration effect. It is of importance here to balance thei
'cooperation of torque production and torque storage in such a manner as to re- |
huce the weight and power requirements of the entire system to a minimum.

i Another important criterion for the selection of the control elements is |
! :

fthe maximum erecting moment required by the control as well as the necessary
t
resolution limit (threshold value) of the moment. A high quimum moment and a

?ine resolution are difficult to realize, if at all, for the case ol mass expul+

sion. This requires the use of multistage systems (coarse - rine) and anexces-

1

Eively high consumption of reaction elements (in the case of gas jets) or power!

6
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(in the case of electric systems which, however, are still in a preliminary
development stage). Reaction gyros, at satisfactory resolution, may yield very‘
high erecting noments, but require allowance for couplings over a computer or
elimination of such couplings by mounting the unit into an inertia frame or on
gimbals. Weight advantages can be obltained only at high rpm which, however,
greatly limits the 1life.

The use of flywheels (s0lid or liquid) cffers all advantages of torque
storage but has the secondary effect, undesirable for fine control, of a gyro
coupling which is dependent on the correspording storage state and whose com-

pensation greatly ccmplicatesthe control system or the required data-~handiing /35

machines. In addition, frictional moments are generated in the bearings, mite

i_ ing the resolution of the erecting moment, affecting the 1life because of bearing

.jwear, and increasinz the power consumption.

These disadvantages are avoided when using a free reaction sphere or fly-
;ball, although at the price of a relatively complex bearing. This bearing is
the main problem which produces the greatest difficulties but, if an optimal

solution is found, also offers the most widespread application possibilities.

2. The Free Reaction Srhere and its Problems

The problems in the conception of a flyball as the control element for
isatellite stabilization can be classified into the following groups:
a) Type of bearing
b) Storage capacity for angular momentum :
¢) Turque resolution and maximum torque
d) Cross coupling in the three-dimensional drive

e) Vectorial rpm measurement
°©
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: 4.1 Gas Bearing

i

| f) Mechanical stability

g) Testing possibilities before blastoff

h) Reliability.
Naturally, cinse correiations exist between these individuwal. problem ,

groups, and soiutions in one field will always influence all other problems. !

;h. Bearing Systems

For the bearing of the reaction sphere, a number of systems had been sug-

gested by various interested parties; these are compilzd in Fig.l, together with
a relative evaluation from various viewpoints.

5 This evaluation is based on data by Bendix Systems, modified on the basis

|
i
|

--bf our own investigations, and does not claim absolute validity. According [é
wo this ewuluation, there might be some suneriority (possibly somewhat exagger-!

" . . s . . !
: Pted) of the electrostatic suspension. Trc “~dividual bearing systems will be ,

discussed in more detail below, ozeording te their principle and applicabillty.;
i t

I
!
'

% Types of gas bearings, ircluding static and dynamie varie:.:.-, have been
thoroughly investigated in retenv times and applied in widely <i.’toring fields,!

wpecifically in gyro technolorz-. The aynamic gas bearing wt .. lLoad-carrying -
9 |

] |
forces are produced by means of si.tion, has the obvious ¢y - ¢k that the 1

t

| |
mum, since the sphere otherwise would make ccntach with tie walls. This results
! !
hn a dead zone, within which ro continuous control is p»>asible. Although the |
! |
fprobability for occurrence of such an event is relatively slight, only a highly!
i ]

l

rotational speed of the supported flroali must never di>. - .w a certain mini-|

komplex logic, together with a system which is able to dissipate torsion towardf

8
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;the outside, can »revent failure due to this cause. Another undesirable effect:

)is the low stability of & dynamic gas bearing under conditions of weightless-
ness, which would place an upper 1imit on the rotational speed.

The conditions are more favorable for static gas bearings. The lower rpm i
limit is eliminated here and also the upper limits are no longer quite as criti?
ical since the clearances, cumpared to the dynamic bearing, can be made larger. %

. i
Friction and elastic defo;mation of the sphare 11i]l limicv the rotational speed E

‘to about 2000 rpm and thus also will limit *“le storags capacity. Figure 2 gives

i

2 schematic view of the design of such a static gas bearing. From theoretical I

considerations, the following formulas can be derived for the buoyancy and the

1
1
|
( !
i
!

;gas consumption:
Wl p E-F

i
2 1n R/R,

3

n B s
& ¢ TIn R/R

O
§
|
|

Here, yirk

W = buoyancy
F, = feed pressure
R = outside radius of the bearing

By = inside radius of the bearing

Q = gas conswiption
i ‘ w = viscosity
h. = clearance.
gmtely 3.5 kp at 0.01 g acceleration of gravity and a feed pressure of about

ﬁ torr can be kept in suspension. The total gas consumption - r-~mputed for

joae
2tk e

|

i

|
Accordingly, a sphere of a diameter of about 22 em and a weight of approxi+.

{
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;- ;air - would be about 20 kg per year. The difficulties lie in the limited life

- i

s of a systenm 4:»pera.‘l:1no with gas in the vacuum of space, since the vacuumtlghtness

-Or the replacement of gas lost by leakage cannot be guaranteed over long per *ods

- of t:.me wiil the raquired reliatility. However, the technique ha.s been thorough-—

F- '-‘lv tested, and the weight data seem to speak in favor of such a system. From |

T

Lee o ¥

an ove-'all viewpoint, however, the gas bearlng cannot be consmereq the ideal

(Y

33 -vsoll.tlon. In 2ny case, it must be remembered that, for testing before takeoff, |

PE _

~~stat1c a.n beo"mgs could be used as a- -80re of a.uxllla.ry bearing. 1This would

. —ehmmatﬂ mcst of the difficulties ocmrrmg in long-time one*atlon.

§
2

s ; - . < B !

—-"~&+.2 Fluid Bearing ;

-”-—-i The bearing veing a lubricant is mentioned nere only for completeness.

R

S
-2%--Sueh bear:mgs are out of ouestlon for satelL.t 2s because of excessive rlctlon,

s P - - g

-—susceptlblg by to radlar.lve corrcsion, and temperature deoendence.

5 .__r

~~l,, 3. getlc Bearlng, ) - /8

§ ’ Qu:te a number of experlmental data are available on the suspension of
magnetlc obJects in a magnetic field, which also show the poselblllty of this
_jtype uf suspensmn under acceleration of gravity. The requirements for the
.’bea.ring of a free reaction sphere differ in »various agpects from these tests,

~~iUsually, a relatively large air gap was used in these experiments, which would

“~be unfavoratle in cur case because of the additional requirement of a drive wit

irestricted t¢ one axis but become three-dimensional. Finally, the amount of

- maximun efiiciency (here, 0.3 mm). In addition, the accelerations are no longey
\ |
|
’%acceleratiori is very small (of the order of magnitude of 0.0l g). !

: ’ l i

i The pordercmagnetic fcrce evxerted on a ferromagnetic substance in a mag-

10
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netic field is given by the sxpression

8

107

Fea (5 T

{xp]

-Here,
F = force
A = area of the air gap
d = liength of the total air gap
n = number of turns
I = current.
Accordingly, in a gravitational field of 0.0l g, slightly more than 6 kp

can be kept suspended at 10,000 turns and a current of 2C na. 3By nature, the

- .. magnetic bearing is unstable to 1/¢° btecause of the proportionality; if d in-

creases because of a minor perturbation, the magnetic force will also increase

.

which, in turn, reduces the distance, and so ou. To keep the spacing constant,

a control cirenit is requaved which will furnish an artificial stability.

R 7:Figure 3 shows the block diagram of the overall circuit. The attitude deviation,

»* -defined by a sensitive attitude indicator, influences the forces exerted on the.

:sphere, over the suspension characteristic as well as over an nelectronich
:current control and field-strength control of the magnetic coil. After deduct-.
%ing the inertia forces and after integration, the variation in spacing will /9
;be obtained. |
In adaition to the extremely sensitiveistabilization, the main drawback ofi
; magnetic suspension is the coupling of the magnetic moments with the drive ;

motor. The moments result in transverse forces so that the axis of the drive

" moment no longer coincides with the motor axis. This necessitates a comp.

allowsnce of this cross coupling for the satellite stabilization circuit, which!

11

(R




renders the entire system unreliable.

L., Electrostatic Bearing

Basically, the loads that electrostatic fields are able to support are
muc:! lower than in a1l otner methods discussed above. Therefore, tnis type of
bearing is in question only at greatly reduced acceleration of gravity. In ihat
.case, however, this iype of bearing has several advantages that may be of de- |
cizive influence, specifically in long-time missions. As in the magnetic force;'
the electrostatic force exerted on a conducting bedy is proportional to the
isquare of the field strength and thus inversely proportional to the square of

-1 the interelectrode spacing. Thic force can be expressed by the relation

o F=a- (=) - 5513 x 3™

i jwhere
o F = load-carrying capacity (kp)
T\ A = electrode area
; l: V = applied potential
- : d = clearance. ’

o By u2e of a special technique, it is possible to obtain atiitude stab*iity:

*7 in this case. The process operates with alternating veltage generated in a

it b

1 " resonance circuit. The space beiween electrodes and sphere constitutes the

o %capacitance of the oscillating circuit. The principal wiring diagram of the /I

circuit is shown in Fig.h4. This results in a force exerted cn the sphere, zs a!

!
!
Vv '
” i
f
i

|
function of the clearance, as plotted in Fig.5. When operating on the left

iflank of this resonance curve, a basically stable suspension is obtained; how- }

TR A

ever, damping of this suspension by suitable electrouic means is required so as;
. . %

r
ts
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to prevent osciliations. The required and obtainabie 3upporting turces arsz

plotted in Fig.6 against the radius of solid anc hojlow steel zpheres.

ERNSR!

5. Rotor

The @ain viewpoint in dimensioning the rotor is the obtainable ratio of its
mass or of the ratio ¢ the bearing tc the supporting weight ard the rotary
mass, cn which the torque sterage napacity depends. The main parameters are
diameter, material, and wall thickness, sincc it always will be necessary to
work with a hoilow spher2. 1n addition, the diameter also defines the obtain-
able torque. It must be taken into consideration here that the zeometric con-
.figuraﬁion of the sphere. the equilibration, and the resistance to elastic de-

’ :formation produced dvring the rotation must be controllable.

The selection of the rotor material is defined mainly by three require-
ments. Primarily, mechanical stability must be maintained during rotation. 1In
addition, it is necessary that the torsion required for storage can be absorted,
mear:ing that the limits of the load-carrying capacity of the suspension must be
taken into cor:ideration. In Fig.6, the occurring bearing loads are plotted
‘for solid and hollow steél spheres as a function of the radius, giving also the:
limit obtainable with an electrostatic suspension.

Finally, the rotor material mmst be suitable for transfer of the drive
moment from the stator, au adequate efficiency and required torque - rpm charac-
‘teristic. Because of satisfactory machinability and resistance to deformation,§

‘the only materials in question are steel and aluminum. i

The characteristics decisive for the sizing are mass, rotational mass, and

‘torsion wnich can be represented by the following formulas, applicable to a [i;

hollow avhere:

13

o



d 31
M = ‘; ory (1-@Q--5r]
- 8r 5 d
;=—I5—DI‘1 {21 - (l—T)s]
1472 d
= S S ~ (1 i —- S
235 ory [1 ~ ( = >
ncre,
M = mass of the hollow srhere
p = density of the material
r; = outside diameter
d = wall thickness
R I = rotational mass
n = rpm
- D = torsion.

- ; In Fig.7, the deformation of sciid and holiow steel spheres is plotted for.

various diameters, as a function of the rpm.
6. Drive Motor

The drive system must permit the application of torque to.the rotor about
W ény axis. For this, three separate stator windings must be arringed in three
‘g ™ ﬁutually perpendicular planes. The vectorial addition of the moments produced
" by'the individual stator windings yields the resultant total moment, in amount
?nd direction. The following conditions characterize the drive system:
:. E a) efficiency, *.s., torque by input power

! S b) curve of torque versus rpm

¢) minimum spatial coupling.
The condition a) is self-evideat. The torque characteristic, for reasons

of optimum usefulness in the control circuit of the stabilization, should not Z;g

Ul Xt vua

Th s P
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derend teco greatly on the rmm; if necessary, greater efficiency must be sacri-
ficed to obtein this result.

Sratial coupling is an effect which occurs specifically only in three-
dimensional rotors. This effect manifests itself in that the rotating electro-

e

'.‘J

enetic drive tield tends to produce a torgue not ornly about the rotational
axis but also about an axis normal to this, in the event that 2 rotational
velocity of the rotcs about this latter axis is already present.
This drive coup.ing would have to be allowed for by the control circuit,
as is the case in grro coupling for fliywheel systems, which latter are not used
here. By proper design and sizing of the stators it is possible to keep them .
small and constant so that their consideration, if at all required, is quite
sinple. The individual stator windings are indicated in Fig.9, which gives a

-~ sketch of the overall design of a free reaction sphere.

7. Rpm Measurement

For discharging the torque stored in the sphere toward the outside, as
soon as saturation by integration of secular perturbation moments is reached,
the point at which this saturated state and thus the maximum permissible rpm’
oceur mﬁst be determinable. For this, it is required to measure the angular | om
velocity of the spherical rotor, in amount and direction. In practical use, the i
‘relative rpm must be individually measured in three mutually perpendicular axes. ;
For example, these test data can be used to obtain the commands for operating

"the gas jets. In addition, the data obtained during turn-and-tank maneuvers,

l -
I 1‘
} after integration, will furnish quite accurate data on the executed rotational ; ;
angle which, then, need only a minor correction by the sensors. : ¢
For this rpm measurement, several methods are available, of which only the|
15
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most important will be listed below:
a) Unbalance effects
b) Optical scanning
c) Reaction on the motor ‘
d) AC tachometer.

yo

The unbalance efiects are produced by the tendency of the bearing to (13

retain the geometric center of the sphere. If the ceﬁter of gravity does not
icoincide with this, the forces in the suspension are forced to execute oscilla—i
.tions with a frequency which is a direct neasure for the rotational speed of the
.sphere. By decreasing this frequency on all three axes, the desired angular-
fvelocity measurement becomes possible. Although this method appears quite
zsimple, ét does reguire a piéﬁiy complex computational evaluation of the directé
;test data, so that its ﬁ;e becomes quite iliusory. This applies even more to |
;the optical scanning of some pattern applied to the sphere. Conversely, the
;reaction 6f the rpm on the stator of the drive can be‘used without excessively z
ricomplicated computations. Since the rpm, however, is measurable only with the ;

-motor connected, the data must be stored over the periods without drive. The

-preferable method seems to use an AC tachometer. Here, the motor windings serve

:simultaneously as exciter and pickoff windings; in addition, the components of !

]

the angular velocity according to amount ard sign can te obtained directly

iacross a phase-gensitive rectifier, as direct-voltage data. Figure & shows the

Ediagram of such a measurement. Here, the exciter voltage can be kept without

|
Wdifficulty to such a small value that no noticeable reaction, in the form of a g
Storque, is exerted on the rotor.

| !
8. Summary
Figure 9 gives a general sketch of an experimental unit, as it could be %

16 ' i
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used in a satsllite. Of course, the design data must be ada-*~d to the particu-~
lar mission. The design shown here is based on the assumption that it car be
used in a satellile for an orbit of approximately 500 km height; this satellite
would sight a point on the earth's surface during the fly-over and, during its
revolution, align the solar cells with the sun for charging and, finally, svore‘
the resultant secidar perturbation moments over a sufficiuntly long period of
time so as to yrevent excessively frequent torque dissipation. This will yield

design data as they are given in Tablie 3. Let the satellite have a rotational -

TABIE 3

DATA OF A PROJECTED FREE REACTION SPHERE

Sphere dimensions: diameter, 29 cm
wall thickness, C.23 cm

Material of the sphere rotor: steel
Weight of the rotor: .5 ko
Rotaticnal mass of the rolor: 6.7 kg-crt
Maximum déformation: 0.008 cm
Maximum rotational speed: 10,000 rpm
Maximum torque: 0.1 m-kp
Torque storage capacity: 0.7 x 10 gm-cu~sec
Field strength, at suspension below 1 g: 3 x 1P v/en
i
‘ Clearance: 0.25 u

mass of 1, 50C kg-m? about tre axis of its prescribed rotation. ITet the total %
;mean perturbation moment be about 20C dyne-cm. Using s free reaction sphere 115
‘with the given data, it will then be rossible to rotate the satellite through :

118¢° in about 1L0 sec, while the torque accumulated from the perturbation moment
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must be discharged after about 40 days. Despite the fact that this regresents ;
Za highly specialized application, the indicated dafa demonstrate the usefulness‘
.of a free reaction sphere for stabilizing a low-flying satelilite. However, 5 -
‘beyond the available experimental data a considerable amount of further develop;

men’ work will be required before such devices are fully operational. Neverthe+

'less, the expected advantages for the overall system of a gatellite equipped i {

with such devices seems to justify further efforts in this dairection.
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FORCE/NVOLTAGE [N V2]
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